persed into the rearing tanks. Two replicates of each dietary group were conducted.
Experimental design

Experiment 1
The larval tilapia's feeding schedule during the rearing period is summarized in Table 1 . Larvae were cultured for 10 weeks from the 14th day after hatching. In treatment no. 1, fish were fed commercial diets (ML400, ML800, EP no. 1; Nippon Formula Feed MFG Co., Kanagawa, Japan) during the rearing period as a control, whereas in treatment no. 2 they were fed raw Spirulina only. In treatment nos. 3-6, larval tilapia were fed commercial marine fish larval diets (ML400, ML800; Nippon Formula Feed) from the onset of exogenous feeding until they reached 1.8 cm, 2.0 cm, 2.5 cm, and 3.0 cm, respectively, and were then fed raw Spirulina only until the experiment was completed. Feeding rate changed with fish growth; that is, 30% in weeks 1-3, 10% in weeks 4-6, and 3% in weeks 7-10.
Experiment 2
Larvae were cultured for 10 weeks from the 14th day after hatching according to the schedule summarized in Table 2 . In treatment nos. 1 and 2, larvae were fed commercial diets (ML400, ML800, EP no. 1; Nippon Formula Feed) during the whole rearing period as a control. The feeding rate in treatment no. 1 was 30% of bodyweight in weeks 1-3, 10% in weeks 4-6, and 3% in weeks 7-10. In treatment no. 2 the feeding rate was 15% of bodyweight in weeks 1-3, 5% in weeks 4-6, and 3% in weeks 7-10. In small invertebrates during the larval and early juvenile stages; [4] [5] [6] [7] [8] that is, there is a transition stage in their feeding habit. Little quantitative work has been carried out on feeding tilapia on unialgal populations. 5, 9 Results of a previous study have indicated that juvenile tilapia at the transition stage could grow normally if fed solely raw Spirulina. 10 On account that Spirulina is abundant in GLA and store glycogen instead of starch as a photosynthetic stock nutrient, 11 it is supposed to be effective as a unifeed for larval tilapia that are known to be carnivorous. But, to our knowledge, reports on feeding O. niloticus larvae just after the onset of exogenous feeding with freshly harvested Spirulina as the sole feed, have not been published to date.
In the present study, two experiments were conducted. In the first experiment, larval tilapia were fed solely raw Spirulina from different ages to find out they would accept raw Spirulina at the onset of exogenous feeding. In the second experiment, larval tilapia were fed Spirulina at different feeding rates to investigate the effect of feeding amounts on their growth.
MATERIALS AND METHODS
Algae culture
Axenic stock cultures of Spirulina platensis (Gomont) geitler, strain 39, were obtained from the National Institute of Environmental Science (Ibaraki, Japan). The algae were cultivated in 50 L photobioreactors using a unialgal semicontinuous culture, as described in a previous study. 10 To determine algal biomass, a 20 mL aliquot of the algae suspension was filtered through a Millipore filter (0.45 mm; Nihon Millipore Ltd, Yonezawa, Japan), and the obtained floc was then oven-dried for 4 h at 104∞C and weighed.
Fish and feeding
Newly hatched tilapia O. niloticus larvae were obtained from pure-bred stock held at the Laboratory of Aquaculture at Tokyo University of Fisheries. The feeding experiments were conducted using 13-day-old larval tilapia [initial standard length (SL) 0.8 ± 0.01 cm and wet body weight 0.01 ± 0.001 g], which is when larvae are at the onset of exogenous feeding.
Five fish per liter were maintained in 30 L tanks with a water flow system. Water temperature was 28 ± 0.5∞C. Freshly harvested Spirulina concentrate was suspended in distilled water and then dis-
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-------*Feeding rate, 30% in weeks 1-3, 10% in weeks 4-6, 3% in weeks 7-10.
(--) Commercial diet; (----) raw Spirulina platensis. Values in parentheses indicate the standard length (cm) of tilapia at the time which feeding of raw Spirulina was commenced. treatment nos. 3-5, larval tilapia were fed solely raw Spirulina from the onset of exogenous feeding. The feeding rate of these three treatments were different in weeks 1-3: treatment no. 3, 60-80% of bodyweight (satiation); treatment no. 4, 30% of bodyweight; and treatment no. 5, 10% of bodyweight. Whereas, during the next 7 weeks, the fish in the three treatments were fed the same feeding rate of 10% bodyweight in weeks 4-6 and 3% bodyweight in weeks 7-10. Treatment no. 6 involved no feeding.
Rearing conditions of experiments
During the experiments, water temperature was maintained at 28 ± 0.5°C using electric heaters. The tanks were illuminated by overhead fluorescent lights set on a 12 h light : 12 h dark cycle. A flowthrough system with filtered dechlorinated tap water was used at a flow rate of 200-300 mL/min during the 12 h dark period. The tanks were aerated at an airflow rate of 75-100 mL/min (Table 3) .
Biological observation
Biological analyses were done every 2 weeks in experiments 1 and 2. To measure SL and bodyweight, a sample of 20 fish were anesthetized by immersing them in a 1 : 20 000 (v/v) dilution of ethyl-4-aminobenzonate (Wako Pure Chemical Industries Ltd, Osaka, Japan). Mortality was checked daily.
Sample fish from treatment no. 2 in experiment 1 were used for analyzing the contents of digestive tracts. Samples were taken every 5 h in the first 24 h from the onset of exogenous feeding and 3 h after feeding once a week, and were anesthetized with ethyl-4-aminobenzonate. They were then preserved in 10% formalin for 24 h and later in 70% ethanol. Also, feces were observed daily.
Vertebral column development of tilapia larvae was also observed. Sample fish were taken every 2 weeks and preserved in a 10% buffered neutral formalin solution. Their skeletal structure was observed using the double staining method of Alcian blue and Alizarin red.
12
Essential amino acid index
Essential amino acid index (EAA index), an important indices when evaluating the suitability of phytoplankton as a food source in the ecological food chain, was calculated as follows: . . . C) 28 ± 0.5 Air flow rate (cm 4.5 ± 0.2 cm (n = 20), respectively. Duncan's multiple-range test on the means of the final bodyweight and SL showed that fish had significantly higher weights and lengths in treatments 4-6 compared with those of treatments 2 and 3 ( Fig. 1 ). Fish that were begun feeding solely on raw Spirulina after their SL had reached 2.0 cm grew better than those that were begun before that size. Weight increase was most pronounced during the last 2 weeks. Throughout the rearing period, no mortality was observed in any treatments in experiment 1.
Acceptability of Spirulina by larval tilapia
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Effect of feeding rate on the growth of larval tilapia
Tilapia in treatment 3 of experiment 2, which were fed to the point of satiation in the first 3 weeks right after the onset of exogenous feeding, showed the best growth performance in treatments 3-5 (Fig. 2) . The weight of larval tilapia in treatment 3 after 10 weeks of feeding reached 14.9 g, which is larger of EAA present in raw and freshly harvested Spirulina unicultured in a photobioreactor. The contents of EAA are determined according to the same methods as those described by Simpson et al. 14 using an amino acid auto-analyzer (Model L-8500A; Hitachi Tokyo, Japan).
Statistical analysis
The six groups of experiment 1 and the five groups of experiment 2 were analyzed using Duncan's multiple-range test (P < 0.05) to compare the mean value of the final weight and the standard length.
RESULTS
Effect of the stage at which feeding with Spirulina was commenced on the growth of larval tilapia
As shown in Fig. 1 , larval tilapia in all of the treatments of experiment 1 fed Spirulina grew to reach a SL of 4.5 cm, 5.0 cm, 6.0 cm, 6.0 cm, and 6.1 cm, respectively. In treatment no. 2, the final bodyweight and SL length reached was 3.2 ± 0.4 g and 54
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J Lu et al. than the weight of 8.0 g obtained by the control group (treatment 1). Tilapia in treatment 4 showed a moderate weight increase to 3.17 g after 10 weeks of rearing, which is almost the same as that of 3.16 g for the control group of treatment 2. Fish in treatment 5 grew very slowly and eventually stopped growing. Larval in treatment 6 (no feeding) did not survive to the 15th day. Statistical analysis also showed that the bodyweight of larval tilapia in treatment 3 increased significantly faster than that of any other treatment in experiment 2 (Fig. 2) .
The mean survival rates in experiment 2 showed no significant differences among treatments 1-5 during the first 2 weeks, whereas mortality was observed from 25 days after hatching in treatment 6. After 10 weeks of feeding, the final survival rate was 85% in treatment 5 and 100% in treatments 1-4 ( Fig. 3) .
Biological observation
The ratio of intestinal length to SL in fish increased with the growth of larval tilapia fed on either the raw Spirulina or the commercial diet (Fig. 4) . A marked increase in the ratio appeared at the SL of approximately 2.0 mm.
From the seventh week of feeding, stunted fish (ª 30%) were found in treatment 5 of experiment 2. These fish showed deformities, such as compressed vertebrate, in their vertebral column development (Fig. 5) .
A demarcation between the brown and green material was observed to appear in the feces of the fish fed Spirulina 20 h from the onset of exogenous feeding. On the third day, almost 100% of feces were observed to be brown in color. From observations of the stomach contents of fish sampled weekly at 3 h after feeding, it was found that the proportion of decomposed Spirulina cells increased with larval growth. Figure 6 shows the stomach contents at 3 h after feeding in fish 35 days and 42 days after hatching.
Essential amino acid index
The calculated EAA index was 81 in which the parameters A, B, C, . . . J and A¢, B¢, C¢, . . . J¢ were analyzed and are listed in Table 4 .
DISCUSSION
The food quality of a diet is directly proportional to its ability to support growth, and the dietary component is the most important. The limiting growth factor for herbivorous fish is protein, and it is well known that 10 amino acids are essential for building new tissues. Because the EAA index is effective in evaluating the quality of dietary protein and its nutritional value, it is useful for studies on the ecological relationship in food chains. An EAA index value of > 90 means that an organism at a lower nutritive stage possesses excellent nutritional qualities and is fit for a consumer; a value of around 80 means it is adequate; and <70 indicates that it is of poor quality. 13 The EAA index value of 81 calculated in the present study indicates that raw Spirulina is an adequately nutritious food source for larval tilapia.
There were significant differences among the growth and survival rate of larvae fed different amounts of Spirulina in the first 3 weeks just after suggests that these larvae were under severe nutritional stress. It is thought that the availability of an abundant supply of Spirulina during the early stages is important for the normal growth and development of larval tilapia.
Larval tilapia have a similar digestive system at the onset of exogenous feeding to that of adult tilapia. 17 The ratio of intestinal length to fish SL (RLG) increased with larval growth (Fig. 4) . It appeared acute at the approximate SL of 2.0 mm, and reached an approximate value of 5.2 in fish fed Spirulina at 10% of bodyweight from the onset of exogenous feeding. This value is lower than that of adult tilapia (ª 7), 18, 19 which might suggest that the organs require further development and that physiological mechanisms require further elaboration.
Digestion of plant matter by fish is hindered by a plant's cell walls, which act as a barrier to the digestive enzymes. Preliminary work on adult O. niloticus has suggested that it lyses the cell walls of algae with gastric acid secreted to produce a pH in the stomach as low as 1. 20, 21 The secretion of acidic juice may be related to the evolutionary transition of the O. niloticus from an omnivore to a herbivore. 22 In the case of tilapia larvae, it is known that a transition stage occurs from it being a carnivorous feeder to an omnivorous feeder, 5, 21, 23 although no reports on the gastric acid secretions of larval tilapia have been noted. In the present study, brown phaeophytin was observed to be present after 20 h of feeding in those fish fed the onset of exogenous feeding. Larval tilapia fed until satiation showed the best growth performance throughout the 10-week rearing period, whereas those fed at a feeding rate of 10% eventually stopped growing and vertebral deformities such as compressed vertebrate were observed. Nutritional constraints, farming conditions and other factors were considered to be the main reasons for the vertebral malformations. 15, 16 Nutritional stress can be caused either by insufficient quantity or inadequate quality. 16 In the present study, the poor growth and condition of larval tilapia fed at a feeding rate of 10% of bodyweight 
